Background-Tuberculosis (TB) often coincides with nutritional deficiencies. The effects of micronutrient supplementation on TB treatment outcomes, clinical complications, and mortality are uncertain.
Conclusions-Micronutrient supplementation could improve the outcome in patients undergoing TB chemotherapy in Tanzania.
Tuberculosis (TB) remains a major cause of mortality worldwide; in 2005 alone, up to 1.6 million people died of TB [1] . The majority of new cases occur in Asia and sub-Saharan Africa, where the HIV epidemic is in part responsible for the high rates of recurrence, morbidity, and mortality [2, 3] despite the availability of effective anti-TB chemotherapy.
Patients with TB very frequently suffer from deficiencies of nutrients-such as vitamins A, B complex, C, and E, as well as selenium [4] -that are fundamental to the integrity of the immune response [5, 6] . In Dar es Salaam, Tanzania, vitamin A deficiency was found in 27% of patients with TB, compared with 7% in patients without TB [7] . Marginal status of other micronutrients is also prevalent in this setting [8, 9] . It is uncertain whether correction of such deficiencies via micronutrient supplementation leads to improved outcomes in the course of TB. One trial in Indonesia suggested a potential beneficial effect of vitamin A and zinc on early sputum smear conversion [10] , whereas a study in Tanzania indicated no effects of multiple micronutrients on culture conversion [11] but a positive effect on weight gain and survival [12] . By contrast, a trial in Malawi found no effect of multimicronutrients on mortality [13] . It is not known whether micronutrients would affect recurrences, immunological parameters, or clinical complications in patients receiving anti-TB treatment.
We hypothesized that micronutrient supplementation in patients with TB would decrease the risk of adverse TB treatment outcomes, mortality, and morbidity and improve nutritional and immunological parameters. We conducted a randomized, placebo-controlled clinical trial among adults with pulmonary TB in Dar es Salaam, Tanzania, to test this hypothesis. Both HIV-negative and HIV-infected patients were included.
METHODS
Between April 2000 and April 2005, we enrolled 887 adults with pulmonary TB to participate in a randomized clinical trial. The primary aims of the study were to examine the effect of micronutrient supplementation on (1) culture negativity at 1 month after initiation of treatment, (2) mortality during at least 24 months of follow-up, and (3) TB recurrences. Secondary outcomes were changes from baseline in (1) viral load among HIV-infected participants, (2) CD4 + cell counts, and (3) body weight.
We first identified all patients with clinically suspected TB who had positive sputum smears for acid-fast bacilli (AFB) at 5 outpatient TB clinics in Dar es Salaam, Tanzania. We evaluated the following inclusion criteria among 7213 patients identified: age between 18 and 65 years, Karnofsky performance score [14] ≥40%, plan to stay in Dar es Salaam for 2 years, not being pregnant, and not having received anti-TB treatment for more than 4 weeks during the previous year. For the 3623 subjects who fulfilled all criteria, we obtained 2 additional early morning sputum samples to confirm the smear results at the Muhimbili National Hospital Tuberculosis Reference Laboratory by use of the Ziehl-Neelsen smear-staining technique. We confirmed smear-positive TB in 3188 people and sought informed consent for HIV-1 testing among them on the day of initiation of anti-TB treatment. We provided pretest counseling to the 2463 patients who consented and obtained a blood sample to determine infection with HIV-1 and hemoglobin concentrations. Trained research assistants explained the general aims of the study to the patients and invited them to return to the clinic within 7 days of the initiation of the anti-TB treatment. HIV-1 infection was assessed using 2 sequential ELISAs (Wellcozyme, Murex Biotech; Enzygnost anti-HIV1+2, Behring); discrepant results were resolved by Western blot test (Genetic Systems). When patients returned for their HIV assay results, the research assistants provided post-test counseling and verified hemoglobin concentrations. They sought consent to participate in the trial among subjects whose hemoglobin concentration was >70 g/ L. A sample size of 600 was initially calculated to detect a ≥35% treatment effect on culture negativity at 1 month with 80% statistical power. This sample was later expanded to 887 patients to maximize power for other end points. We deliberately included as many HIVinfected patients as possible; thus, the number of HIV-positive participants was larger (n = 471) than the number of HIV-negative patients (n = 416).
Consenting subjects were randomly assigned in computer-generated permuted blocks of 20, stratified by HIV status, to receive a daily oral dose of 1 of 2 regimens: micronutrients (5000 IU of retinol, 20 mg of vitamin B 1 , 20 mg of vitamin B 2 , 25 mg of vitamin B 6 , 100 mg of niacin, 50 μg of vitamin B 12 , 500 mg of vitamin C, 200 mg of vitamin E, 0.8 mg of folic acid, and 100 μg of selenium) or placebo. These doses represent between 6 and 10 times the recommended dietary allowance (RDA) and were being tested at the time among HIV-infected adults from this setting [15] . We chose multiples of the RDA because previous observational studies suggested that HIV-infected individuals need higher dietary intakes of micronutrients to achieve normal serum concentrations [16] . Active tablets and placebo were indistinguishable in size, taste, and color. All clinical and research staff were unaware of the subjects' treatment assignment. All patients received standard anti-TB treatment following the DOTS (directly observed treatment, short course) scheme [17] , per the Tanzania National TB and Leprosy Programme prevalent at the time. In brief, patients received a daily combination of rifampicin, isoniazid, pyrazinamide, and ethambutol under direct observation of a health worker during the first 2 months. The patients then self-administered isoniazid and ethambutol daily during the following 6 months. At the time of the study, antiretroviral medications were unavailable in Tanzania for the majority of HIV-infected persons, including those who participated in this trial.
At the randomization visit, research nurses collected information on age, level of education, marital status, and indicators of socioeconomic status. Follow-up was conducted monthly at the study clinics, where research nurses exchanged bottles containing treatment regimen and obtained anthropometric measurements by standardized procedures [18] . They also measured single-frequency bioelectrical impedance (BIA) for body composition analyses, by use of BIA-101Q analyzers (RJL Systems) with tetrapolar lead placement at 50 kHz and 800 μA. Fat mass and fat-free mass were calculated from the BIA measurements by use of Kotler's equations [19] . We intended to obtain specimens at the first visit; at 1, 2, 5, 8, and 12 months from randomization; and approximately every 6 months thereafter until the end of follow-up. These specimens included sputum for AFB smears and cultures and a blood sample for measurement of hemoglobin and albumin concentrations and of T cell subtypes (CD4 + , CD8 + , and CD3 + cells) by use of the FACScount and FACSCAN systems (Becton Dickinson). Viral load was quantified in samples from HIV-infected patients by use of the Roche Amplicor assay (version 1.5). Results were available in 1321 samples from 439 (93%) of the total 471 HIV-infected participants. Each patient had a median of 3 viral load measurements (mean, 3.0; SD, 1.5; interquartile range [IQR], 2-4). Physician visits were scheduled every 3 months. During these visits, study physicians inquired about the health of the subject during the preceding period and performed a complete physical examination. The stage of HIV disease was assessed according to the World Health Organization system [20] .
When subjects missed a clinic visit or traveled out of the city, their homes were visited to ask neighbors or relatives about survival status. Because recruitment occurred over a 5-year period, the length of follow-up for survival until the end of the study in August 2005 varied for each patient. The median follow-up time was 43 months (IQR, 28-53 months)-52 months (IQR, 47-57 months) for HIV-negative patients and 30 months (IQR, 15-41 months) for HIVinfected patients.
Compliance with the study regimen was evaluated at every monthly clinic visit by the research nurse, by counting the tablets remaining in previously dispensed bottles. We calculated the proportion of tablets absent from these bottles from the total number of tablets the subject should have taken. Compliance was high and was independent of treatment arm; 85% during the entire follow-up period (P = .92 for the difference between arms), 90% during the first 8 months (P = .09), and 87% during the first 2 years (P = .52). HIV-infected participants tended to have slightly higher compliance than did those who were HIV negative: 87% versus 83%, respectively, over the duration of follow-up.
We assessed baseline characteristics of the patients for clinically relevant differences by treatment arm. We examined the effects of micronutrient supplements on TB treatment outcome as well as nutritional, immunological, and clinical end points following the intent-totreat principle. Treatment effects were assessed in the entire cohort and separately by HIV status at baseline. TB-related end points included treatment failure, early recurrence, and late recurrence. Treatment failure by 1 month was defined as positive AFB cultures at 1 month from the initiation of treatment. Early recurrences were deemed to have occurred in patients with positive cultures after 1 month, among those who had become culture negative by 1 month after treatment initiation. Late recurrences were defined as any positive cultures after 8 months from the initiation of treatment. Recurrences included both endogenous reactivation and exogenous reinfection, which could not be distinguished in this study. We calculated the relative risks (RRs) and 95% confidence intervals (CIs) for each of these outcomes by treatment arm.
We used Cox proportional hazards models to assess the effect of the supplements on mortality. Among HIV-infected participants, we investigated the effect of micronutrients on mortality, progression of HIV disease from stage 3 to 4, and mortality or disease progression, whichever occurred first. For these end points, we defined the end of follow-up as the date when HIV stage was last assessed. The proportional hazards assumption was tested by introducing crossproduct terms between treatment and time into the Cox models.
We examined the effects of micronutrients on CD4 + , CD8 + , and CD3 + cell counts, viral load (in HIV-infected participants), indicators of nutritional status (weight, mid-upper arm circumference, body mass index [BMI], fat mass, fat-free mass, and albumin concentrations), and hemoglobin concentrations. We also evaluated the impact of supplementation on individual clinical signs reported during the month before the physician visits or clinical diagnoses made by the study physicians. These included fever, nausea/vomiting, diarrhea, fatigue, skin rashes, oral thrush, difficult or painful swallowing, extrapulmonary TB, peripheral neuropathy, and genital ulcers. We also registered hospital admissions and outpatient visits that occurred outside the study schedule.
Treatment effects on these end points were analyzed by use of generalized estimating equations (GEEs). These models do not require that all patients have the same number of follow-up assessments or that the follow-up measurements be obtained at exactly the same time points (see figure 1 for data on the numbers of subjects with known survival status, culture results, and T cell measurements at various time points). We assumed a standard normal distribution for repeated continuous end points (T cell subsets, log 10 viral load, anthropometry, albumin concentration, and hemoglobin concentration) and estimated average differences by treatment arm during follow-up. For recurrent binary outcomes (morbidity), we assumed an underlying binomial distribution and estimated RRs and 95% CIs. We used an exchangeable correlation structure to account for within-subject correlations and adjusted the models for the follow-up time when the measurements had been obtained and for the baseline values. We analyzed the data for the entire period and for the first 8 months, coinciding with the expected end of TB treatment. No adjustments were made for multiple comparisons. All analyses were done by use of SAS software (version 9.1; SAS Institute).
A data and safety monitoring board reviewed the progress of the study and the results of the interim analyses. All subjects provided written informed consent to participate in the study. The institutional review boards of the Muhimbili University College of Health Sciences, the Tanzanian National AIDS Control Program, and the Harvard School of Public Health approved the study protocol. None of the sponsors of the study had any role in the study design, data collection, data analysis, data interpretation, or writing of the report.
RESULTS

Subject characteristics
The majority of participants were male (67%). The average age was 30 years for HIV-negative subjects and 34 for those who were HIV infected. There were no relevant differences in baseline characteristics by treatment arm (table 1) .
TB treatment outcome
Treatment failures by 1 month after initiation of anti-TB treatment were slightly less common, although not significantly so, among patients assigned to the micronutrients arm (table 2) . Among patients whose TB cultures had become negative by 1 month after the initiation of treatment, micronutrients significantly decreased the risk of a recurrence during the remaining duration of treatment by 45% (95% CI, 7% to 67%; P = .02). This effect appeared to be larger among HIV-infected patients (63% [95% CI, 8% to 85%]; P = .02). Among HIV-infected patients who were assigned to the micronutrients arm, recurrences 8 months after treatment initiation were 34% less common, albeit nonsignificantly (95% CI, −67% to 31%; P = .23).
Mortality and HIV disease progression
There were 155 deaths over 2880 patient-years of follow-up, 77 in the placebo arm and 78 in the micronutrients arm (hazard ratio [HR], 1.03 [95% CI, 0.75 to 1.40]; P = .88). The majority of deaths (140) occurred in the HIV-positive group, with a cumulative incidence of 29.7% during a median 2.5 years. In this group, micronutrient supplements had no effect on mortality (66 deaths in the placebo arm vs. 74 deaths in the micronutrients arm; HR, 1.16 [95% CI, 0.83 to 1.61]; P = .39). Similarly, there was no effect on HIV disease progression to stage 4 among 313 patients who were at stage 3 at baseline (HR, 1.08 [95% CI, 0.72 to 1.61]; P = .73). Among HIV-negative participants, there were 11 deaths in the placebo arm and 4 in the micronutrients arm, representing a non-statistically significant 64% reduction in mortality (HR, 0.36 [95% CI, 0.12 to 1.14]; P = .08).
Clinical complications
We examined the effect of micronutrient supplementation on the incidence of signs and symptoms during follow-up. Supplementation resulted in a significant 57% reduction of risk for peripheral neuropathy (95% CI, 41% to 69%; P < .001), irrespective of HIV status. Micronutrients were also related to a 73% decreased risk for clinical diagnoses of extrapulmonary TB (95% CI, 25% to 90%; P = .01), particularly among HIV-negative patients (RR, 0.24 [95% CI, 0.06 to 0.97]; P = .04). Also in this subgroup, the supplements appeared to significantly reduce the incidence of genital ulcers (RR, 0.10 [95% CI, 0.01 to 0.80]; P = . 03).
T cell subsets, HIV load, and nutritional indicators
Micronutrients significantly increased CD3 + and CD4 + cell counts among HIV-negative subjects (table 3) . In this group, a significant increase in CD8 + cell counts was also apparent during the first 8 months in the study. There were no significant effects of micronutrient supplements on T cell subsets or viral load among HIV-infected participants.
The supplements had no effects on a number of nutritional parameters, including body weight, BMI, mid-upper arm circumference, fat mass or fat-free mass, and albumin concentrations (table 4). Average hemoglobin concentrations during follow-up increased in both HIV-infected and HIV-negative patients, irrespective of treatment assignment. Among HIV-negative persons, this increase appeared to be higher in those assigned to micronutrients, but the treatment effect was not statistically significant. Similarly, the risk of anemia during followup was 58% lower in HIV-negative persons assigned to the micronutrients arm, compared with those assigned to the placebo arm (95% CI, −84% to 10%; P = .08).
DISCUSSION
In this randomized clinical trial, micronutrient supplements appeared to decrease the risk of early TB recurrences among HIV-infected patients. Supplementation resulted in greater CD4 + and CD3 + lymphocyte counts, especially among HIV-negative subjects. Also in this group there were significant reductions attributable to the supplements in the incidence of extrapulmonary TB and genital ulcers. Micronutrients significantly decreased the incidence of peripheral neuropathy, irrespective of HIV status.
Two previous randomized clinical trials had examined the effect of micronutrients on TB treatment outcomes. In a study of 80 Indonesians with pulmonary TB, Karyadi et al. [10] reported earlier negative conversion of smears by 8 weeks among those who had received 5000 IU of vitamin A and 15 mg of zinc during anti-TB treatment for 6 months relative to those who had received placebo. In another trial in Mwanza, Tanzania, among 499 patients, Range et al. [11] found no effect of multimicronutrients or zinc on the proportion of patients with negative cultures by 8 weeks after the initiation of treatment. None of these trials, however, reported the effect of micronutrients on TB recurrences after culture or smear conversion to negative. Our finding of a protective effect of micronutrients against TB recurrences is relevant considering that TB reactivation is very common among HIV-infected persons [3] . Should this finding be confirmed in other settings, routine micronutrient supplementation might be considered a part of standard anti-TB therapy.
We noted significantly greater CD3 + and CD4 + cell counts in HIV-negative patients assigned to the micronutrients arm than in those assigned to the placebo arm. This increase could represent an enhancement of cellular immunity, which might have mediated the apparent effects of micronutrients on extrapulmonary TB and genital ulcers. Although the effect of micronutrients on T cell subsets among patients with TB has not been investigated previously, one recent trial in HIV-negative pregnant women from Tanzania also indicated a positive effect of micronutrient supplementation on CD3 + and CD4 + cell counts [21] .
Micronutrients had no statistically significant effects on all-cause mortality or weight gain in our trial. This contrasts with results from the Mwanza study, in which multimicronutrient supplementation including zinc resulted in a significant 71% reduction in mortality by 8 months among HIV-infected patients and in a 2.4-kg effect on weight irrespective of HIV status [12] . One major difference between the Mwanza study and ours was the supplement composition, since we did not include zinc, copper, or vitamin D. In addition, the amount of selenium in our supplement was half that in the Mwanza preparation, whereas niacin, vitamin C, and vitamin E were 2.5-3.3 times higher. Zinc plays a fundamental role in immunity [22] , but results from observational studies have raised some concerns about the safety of zinc supplementation in HIV-infected adults, because higher dietary intake of zinc appeared to be related to decreased survival [23] . Further studies are warranted to confirm the beneficial role of multimicronutrient supplementation including zinc in HIV-infected patients with TB.
Peripheral neuropathy is a relatively frequent complication of TB treatment, especially among HIV-coinfected patients [24] . It could be the result of isoniazid interference with vitamin B 6 (pyridoxine) metabolism. Prophylactic supplementation with small doses of pyridoxine had been advocated in malnourished adult patients receiving isoniazid to prevent peripheral neuropathy [25] . Our finding of a protective effect of micronutrient supplementation including B 6 on peripheral neuropathy appears to support this recommendation. Vitamin E deficiency has also been associated with peripheral neuropathy [26] . Although it is unknown whether vitamin E deficiency is highly prevalent in this population, the supplements could have contributed to the prevention of peripheral neuropathy through improved vitamin E status.
In conclusion, supplementation with micronutrients at multiples of the RDA reduced the incidence of TB recurrences among HIV-infected adults with TB who were not receiving antiretroviral treatment. Among HIV-negative adults, micronutrients appeared to increase T cell counts and reduced the incidence of complications. The impact of micronutrient supplementation on TB-related outcomes needs to be ascertained among HIV-infected patients receiving antiretroviral therapy. Should the potential benefits of micronutrient supplementation in HIV-uninfected patients with TB be confirmed in other settings, it could become a useful and relatively inexpensive element of TB treatment regimens. Trial profile. AFB, acid-fast bacilli. Table 1 Characteristics of the study population. b Positive culture at 1 month after treatment initiation.
c At least 1 positive culture between 1 and 8 months among patients with negative cultures at 1 month after treatment initiation.
Table 3
Effect of micronutrient supplementation on T cell counts (cells/mm 3 ) and viral load (copies/mm 3 ). .29 a Data are the means ± SD of the average measurement during follow-up for each subject.
b Data are the mean difference between the micronutrient group and the placebo group. The mean differences, 95% confidence intervals (CIs), and corresponding P values were estimated from generalized estimating equations, after adjustment for baseline measurements and follow-up time.
Table 4
Effect of micronutrient supplementation on nutritional parameters. .86 a Data are the means ± SD of the average measurement during follow-up for each subject.
